Scope: Low fiber intake is associated with increased risk for cardiovascular disease (CVD) and cancer. However, the underlying mechanisms are not well understood. Two hypotheses are tested: 1) dietary fiber would be associated with DNA methylation levels; 2) those DNA methylation changes would be associated with visceral adiposity and inflammation. Also the possibility that the associations between fiber and DNA methylation levels might be confounded with folic acid intake as sensitivity analysis are explored. Methods and results: An epigenome-wide association study is conducted using Illumina 450K Bead-Chip on leukocyte DNA in 284 African American adolescents. Linear regression is performed to identify differentially methylated CpG sites associated with fiber. The methylation levels of 3 CpG sites (cg15200711, cg19462022, and cg07035602) in LPCAT1 and RASA3 genes are associated with fiber (false discovery rate [FDR] < 0.05) after adjustment for covariates including folic acid. The methylation levels of cg07035602 and cg19462022 are also associated with visceral adiposity and inflammation. Conclusions: The data show that DNA methylation levels at LPCAT1 and RASA3 genes are associated with dietary fiber intake as well as with adiposity and inflammation. Future studies are warranted to determine whether epigenetic regulation may underlie the beneficial effects of fiber intake on adiposity and inflammation.
Introduction
Low dietary fiber intake is associated with increased risk for cardiovascular disease (CVD), coronary artery disease, and cancer. [1] We have previously shown that lower fiber intake is associated with higher levels of inflammation and visceral adiposity in adolescents. [2] However, the underlying mechanisms of health benefits of fiber are not well understood.
Emerging studies have suggested that nutrition plays a role in epigenetic regulation. For example, a 2 year randomized,
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placebo-controlled trial showed that long-term supplementation with folic acid in elderly subjects resulted in effects on DNA methylation of several genes which are implicated in developmental processes. [3] A recent cross-sectional study found significant associations among low folate intakes, lower CAMKK2 gene methylation, and insulin resistance in obese individuals. [4] In a cross-sectional study of Greek preadolescents, dietary fat intake was significantly associated with methylation levels of one CpG island shore and four sites. [5] We have shown that vitamin D deficiency is associated with global DNA hypomethylation, a hallmark of cancer events, and that vitamin D supplementation increases levels of global DNA methylation. [6] In addition, vitamin D deficiency is also associated with locusspecific leukocyte DNA methylation levels. [7] Besides, a study found that the consumption of polyunsaturated fatty acids was also associated with DNA methylation. [8] Very few studies have investigated the role of dietary fiber intake in epigenetic regulation. A small study showed that high fiber intake was associated with TNF-α hypomethylation. [9] However, the relationships between fiber intake and DNA methylation have not been examined in a genome-wide fashion. Given African Americans consume significantly less dietary fiber compared with other race/ethnic groups [10] and tend to have higher cardiometabolic risk, [11] we conducted an epigenome-wide association study in African American adolescents to test the hypotheses that dietary fiber intake would be associated with leukocyte DNA methylation levels, and that those methylation levels would be associated with visceral adiposity and inflammation.
www.advancedsciencenews.com www.mnf-journal.com information obtained from the school systems was used to select schools that enrolled both black and white students. After receiving approval from the county superintendents and school principals, flyers were distributed to all students in the selected schools. Subjects were asked to self-identify their ethnicity. [2] Subjects who identified themselves as being white/Caucasian or black/African American were eligible for the study. Participants currently taking medication, or diagnosed with chronic medical conditions were excluded from the study. An epigenome-wide association study was conducted in a total of 284 African American LACHY participants (age 16.24 ± 1.27). All participants provided written informed consent, and the study protocol was approved by the Institutional Review Board at the Medical College of Georgia, Augusta University (Augusta, GA, USA, protocol #622505). All data were de-identified.
Dietary Intake
Dietary intakes were assessed with individual, nonconsecutive, 24 h recalls covering the period from midnight to midnight using the Nutrition Data System for Research (NDS-R 2006, Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN) by trained dietitians. Seven independent dietary recalls were obtained within a period of 12 weeks for each participant. The first two recalls were performed in person, and the following ones were conducted by telephone. An average value was taken out of the seven recalls for further analysis.
Physical Activity
As described in our previous paper, [2] the number of minutes per day spent in moderate and vigorous physical activities were assessed using MTI Actigraph monitors (model 7164; MTIHealth Services, Fort Walton Beach, FL), uniaxial accelerometers that measure vertical acceleration and deceleration. The subjects were instructed to wear the monitor for a period of 7 days. Data from day 1 and 7 were discarded because a full day of information was not available for those days. Movement counts were converted to average minutes per day spent in moderate (3-6 metabolic equivalents) and vigorous (6 metabolic equivalents) physical activity by the software accompanying the device.
Anthropometry Measurements
Height was measured using a wall-mounted stadiometer (Tanita Corporation of American, Arlington Heights, IL); weight was obtained using a calibrated electronic scale (model CN2OL; Cardinal Detecto, Webb City, MO). Body mass index (BMI) was calculated as weight (kg) per square of height (m 2 ). Sexual development of the participants was measured by a five-stage scale, ranging from 1 (prepubertal) to 5 (fully mature). Using a genderspecific questionnaire, the subjects reported their sexual maturation stage (or Tanner stage) by comparing their own physical development to the five stages in standard sets of diagrams. A parent or research coordinator then reviewed the results with the children to make sure they understood the questionnaire. When an individual reported discordant stages of pubic hair and breast or genital development, the higher of the two stages was used. [2] 
Laboratory Tests
Fasting blood samples were obtained for the measurement of serum leptin, plasma adiponectin, plasma C-reactive protein (CRP), and plasma fibrinogen. Leptin was measured using serum that was assayed in duplicate using ELISA (R&D Systems, Minneapolis, MN). The intra-assay coefficient of variation (CV) for leptin was 2%, and the inter-assay CV was 5%. Adiponectin was measured in duplicate using stored plasma by ELISA (Linco Research Inc., St. Charles, MO). Adiponectin had an intra-assay CV at 7.4% and an inter-assay CV at 8.4%. CRP was measured in plasma using high-sensitivity ELISA (ALPCO Diagnostics, Windham, NH). The mean intra-and inter-assay CV for CRP were 10 and 10.2%, respectively.
[2]
Body Composition and Fat Distribution Measures
Fat-free soft tissue (FFST) mass (kg) and fat mass (kg) were assessed by dual-energy X-ray absorptiometry (QDR-4500W; Hologic Inc., Waltham, MA). For the determination of measurement reproducibility, one-way random-effects model, single-measure intra-class correlation coefficients were calculated for participants 15-18 years of age (n = 219). Each participant was scanned twice within a 7 days period for FFST mass and fat mass (both r ࣙ 0.97). [2] Visceral adipose tissue (VAT) was measured by using magnetic resonance imaging (1.5-T; General Electric Medical Systems, Milwaukee, WI). Briefly, a series of five transverse images was acquired from the lumbar region beginning at the inferior border of the fifth lumbar vertebra and proceeding toward the head; a 2 mm gap between images was used to prevent cross talk. To calculate the volume for VAT, the cross-sectional area (square cm) from each slice was multiplied by the slice width (1 cm), and then the individual volumes (cubic cm) were summed. The intra-class correlation coefficients for repeat analyses of the same scans on separate days within a 7 days period was r = 0.98 for VAT. [2] 2.7. Genome-Wide DNA Methylation DNA was extracted from stored buffy coat using the QIAamp DNA Mini Kit (Qiagen). Genome-wide DNA methylation levels were analyzed by the Illumina Infinium Human Methylation 450K Beadchip (Illumina Inc.). In the quality control stage, DNA methylation data was processed using the minfi package [13] and incorporating Control Probe Adjustment and reduction of global CORrelation (CPACOR) package. [14] We excluded CpG sites located on sex chromosomes. Illumina background correction and quantile normalization were applied to all intensity values and β value was further calculated and used as the index of CpG methylation levels. Detectable probes were defined as the probes with detection p-value < 10 −16 in more than 95% samples; detectable www.advancedsciencenews.com www.mnf-journal.com samples were those with detection p-value < 10 −16 in more than 95% CpG sites. Data was further corrected by 30 principal components from control probe intensities and the estimated cell compositions to remove test statistic inflation. [14] 
Statistical Analysis
General characteristics are presented as mean ± SD for continuous variables. Normality of continuous variables was tested based on a combination test statistics of skewness and kurtosis. Dietary fiber intake was square root transformed to achieve a normal distribution. To test the difference of continuous measurements between different genders; two-tailed t-tests were conducted for variables with normal distribution, while Wilcoxon rank-sum tests were used instead to test for non-normally distributed variables.
For DNA methylation analysis, Limma package was used to identify differentially methylated CpG sites associated with dietary fiber intake. [15] Linear regression was carried out, using the adjusted CpG site methylation level (β values) as dependent variable, fiber intake as independent variable, controlling for age, sex, BMI, and energy intake. Age, sex, and BMI have been proven to be significantly associated with DNA methylation. [16] [17] [18] And as a study of nutrients, controlling for energy intake is suggested. [19] β values of CpGs, which were significantly associated with dietary fiber intake, were extracted and their associations with CRP, leptin, adiponectin, fibrinogen, visceral adipose, and fat mass were estimated in linear regressions. CRP, leptin, adiponectin, fibrinogen, visceral adipose tissue, and fat mass were log transformed in the regression models. Those models were adjusted for age, sex, sexual development, FFST mass, energy intake, and physical activity, which have been proven or assumed to be associated with visceral adiposity [20] [21] [22] [23] or inflammation. [24, 25] All statistical analysis was performed using R version 3.4.0 (R Foundation for Statistical Computing Vienna, Austria).
Folic acid is a critical component in the one-carbon metabolism pathway. As dietary folic acid intake may be a potential confounding factor of the association between fiber and DNA methylation, a sensitivity analysis was performed to examine whether the associations between fiber and DNA methylation were independent of folic acid intake. Coefficients and significance levels from models with and without adjustment for folic acid intake were compared between each other.
Results

Participants Characteristics
Characteristics of participants are presented in Table 1 . The males were taller, heavier, and consumed more fiber, folic acid, and energy (p < 0.001). The females had higher levels of leptin, fibrinogen, VAT, and fat mass (p < 0.05). Figure 1 is a volcano plot to visualize CpGs associated with fiber intake in both adjusted changes and statistical significance (Figure 1) . β values represent DNA methylation changes with 1 unit increase in square root of fiber intake. Table 2 lists the top 20 differential methylated CpG sites associated with fiber intakes. The top 4 CpG sites achieved genome-wide significance, all of which were negatively associated with fiber intake (false discovery rate [FDR] < 0.05, Table 2 ). Among those, cg15200711 and cg07035602 are both located in the gene body region of Lysophosphatidylcholine Acyltransferase 1 (LPCAT1) gene on chromosome 5p15.33. cg19462022 is located in the gene body region of Ras GTPase-activating protein 3 (RASA3) gene on chromosome 13q34. cg15302376 is located in the 5'UTR region of DNA methyltransferase 3 alpha (DNMT3A) on chromosome 2p23.3 (Figure 2) . 
Linear Regression Analysis
Sensitivity Analysis
Linear regression models were further adjusted for folic acid intake as a sensitivity analysis to eliminate the confounding effect of folic acid ( Table 2 ). The β value for fiber in relation to methylation changed modestly among the top 20 CpGs (median change 6.7%, 25-75th percentile 4.0-15.2%). Three out of the four CpGs sites (cg15200711, cg19462022, and cg07035602) remained statistically significant (FDR < 0.05). In addition, we conducted a genome-wide analysis of folic acid intake; none of the CpGs was significantly associated with folic acid intake in linear regressions adjusted for age, sex, BMI, and energy intake (Table S1 , Supporting Information).
Associations with Visceral Adiposity and Inflammation
We further tested whether the three significant CpG sites were associated with visceral adiposity and inflammation. cg07035602 (LPCAT1) was significantly associated with CRP, leptin, fibrinogen, and visceral adiposity (all p-values < 0.05). cg19462022 (RASA3) was significantly associated with CRP (pvalue = 0.002). No significant association was identified between cg15200711 and markers for inflammation and visceral adiposity ( Table 3 ).
Discussion
In this epigenome-wide association study, the methylation levels of three CpG sites (cg15200711, cg19462022, and cg07035602) Fat mass (N = 238) Leptin , adiponectin, CRP, fibrinogen, visceral adipose, and fat mass were log-transformed. Models were adjusted for age, sex, sexual development, FFST mass, energy intake, and physical activity. There are missing values for CRP (31), leptin (27) , adiponectin (52), fibrinogen (139), visceral adipose (99), fat mass (5), sexual development (7), FFST mass (6), energy intake (5), and physical activity (41).
in LPCAT1 and RASA3 genes were associated with dietary fiber intakes. In addition, the methylation levels of cg07035602 and cg19462022 were also associated with visceral adiposity and inflammation. Two out of three significant CpG sites (cg15200711 and cg07035602) are located in the gene body of LPCAT1. The encoded enzyme plays a role in phospholipid metabolism, specifically in the conversion of lysophosphatidylcholine to phosphatidylcholine in the presence of acyl-CoA. [26] This process is important in the synthesis of lung surfactant and plateletactivating factor. LPCAT1 can localize to the lipid droplet surface, modulate lipid droplet number and size as well as influence the release of lipoprotein from liver cells. [27] Moreover, LPCAT1, an anti-inflammatory agent, plays a key role in platelet-activating factor remodeling. [28] We observed that the methylation level of cg07035602 of LPCAT1 was associated with visceral adiposity and inflammation, which provides a piece of clinical evidence supporting that LPCAT1 may be involved in inflammatory processes.
LPCAT1 also plays a role in many disease processes. Activity of LPCAT1 was decreased in the liver of cirrhotic animals. [28] LP-CAT1 was also downregulated in the brain tissue of diabetic mice and was upregulated by antidiabetic treatment. [29] Dysfunction of LPCAT1 is also involved in breast carcinoma, [30] lung cancer, [31] liver cancer, [32] prostate cancer, [33] and renal cell carcinoma. [34] cg19462022 is located in the gene body of RASA3. It is localized to the cell membrane via a pleckstrin homology domain in the C-terminal region. [35] GO annotations related to this gene include GTPase activator activity and calcium-release channel activity. RASA3 encodes a protein that binds inositol 1,3,4,5-tetrakisphosphate and stimulates the GTPase activity of Ras p21. RASA3 is a member of the GAP1 family of GTPase-activing proteins, part of Ras signaling, acting as a suppressor of RAS function and controls cellular proliferation and differentiation. [36] RASA3 is also a critical regulator of Rap1 in endothelial cells which controls adhesion properties and vascular lumen integrity. [37] RASA3 is involved in the pathogenesis of many types of cancers including colorectal, gastric, and other types. [38] [39] [40] In our data, the methylation level of cg19462022 was also associated with CRP.
The methylation level of cg15302376 in the 5'UTR region of DNMT3A was associated with fiber intake, which may be critical because the DNA methyltransferase family plays a central role in epigenetic gene regulation and whose activity and expression changes may have a dramatic effect on the methylation level of a large number of genes. However, cg15302376 lost its significance in the sensitivity analysis after further adjustment for folic acid intake. The fact that folic acid was associated with the methylation site in the DNA methyltransferase and rather than methylation sites in other genes, suggests that folic acid www.advancedsciencenews.com www.mnf-journal.com may affect the expression of certain methyltransferases and thus affect the methylation level of substrate genes rather than directly affect the gene methylation level. As in the sensitivity analysis, by adjusting for folic acid intake, potential bias introduced by both direct and indirect effect of folic acid has been considered.
A small study previously showed that fiber intake was associated with differential TNF-α methylation. [9] Out of five CpG sites in TNF-α gene on our 450 K platform, two CpG sites (cg21467614 and cg08553327) were significant with p-values < 0.05. The pvalues of the remaining three CpG sites were between 0.061 and 0.088 (Table S2 , Supporting Information). Our data also suggest that fiber intake may influence TNF-α methylation.
Food containing more fiber tends to be rich in folic acid, which is a critical component in the one-carbon metabolism pathway providing the methyl group for DNA methylation. [41] In our dataset, pairwise correlation coefficient between dietary fiber intake and folic acid intake is 0.81 (p-value < 0.001). To address the concern that folic acid intake might confound the associations between fiber intake and DNA methylation, we conducted a sensitivity analysis and showed that further adjustment of folic acid intake in the model did not change the β value of the top 20 CpGs much (median change 6.7%, 25-75th percentile 4.0-15.2%). In addition, three out of the four significant CpGs remained statistically significant. In addition, folic acid intake failed to show any independent associations with DNA methylation in our study (Table S1 , Supporting Information). Thus, folic acid intake may not likely be a confounding factor of the fiber methylation associations for these three CpG sites identified in our study.
To the best of our knowledge, the present study is the first to examine the influence of dietary fiber intake on DNA methylation in a genome-wide fashion in African American adolescents. We did not replicate the results by splitting the entire sample into discovery and validation sets, but analyzed the full dataset to optimize power by following the best practice. [42, 43] Studies suggest that joint analysis is more efficient than replication-based analysis for two-stage genome-wide association studies. [42, 43] This genome-wide association analysis was only done in African American adolescents; thus, whether the identified methylation sites are unique in African American population is not known. Future studies are warranted to replicate our findings in independent cohorts and other ethnic groups. Another shortcoming of this study is the cross-sectional design. We have shown that methylation levels at cg07035602 and cg19462022 were associated with both fiber intake as well as adiposity and inflammation; however, the causal relationships cannot be established. We have explored the causal mediation analysis to estimate whether the methylation levels of the CpG sites mediated the effect of dietary fiber intake on adiposity and inflammation, which was not significant. It may be attributed to the limited power due to some missing values in the inflammation and adiposity measurements. In addition, Maxwell and Cole found that cross-sectional approaches to longitudinal mediation can substantially over-or underestimate longitudinal effects even under the ideal conditions, and researchers who are interested in mediational processes were urged to include multiple waves of data in the analyses. [44] Therefore, we were only able to provide the linear regression association results between those identified CpG sites and inflammation/adiposity. Future studies are needed to further investigate the role of methylation in the relationship between dietary fiber intake and inflammation/adiposity.
Our epigenome-wide association study identifies three CpG sites that are associated with dietary fiber intake. Those sites are also associated with visceral adiposity and inflammation. Our data suggest that dietary fiber may influence epigenetic regulation. Future studies are warranted to determine whether epigenetic regulation (i.e., DNA methylation) underlies the beneficial effects of fiber intake on adiposity and inflammation.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
